Abstract While glacier mass changes in the Himalaya since the year 2000 are relatively well investigated, there is still a lack of knowledge about the long-term changes and their climatic drivers. We use historical and recent remote sensing data to study glacier changes of the Lahaul-Spiti region in western Himalaya, India, over the last four decades . The glaciers were losing mass moderately between 1971 and 1999 (− 0.07 ± 0.1 m w.e. year −1
Introduction
Changes in both precipitation and temperature and the consequent melt of snow and the glacier ice affect the river run-off and thereby the seasonal water availability in highly glacierised basins such as in the Himalaya (Immerzeel et al. 2010; Zhang et al. 2013) . It has been observed that majority of the Himalayan glaciers were retreating and losing mass during the last decades in line with global patterns of glacier change Brun et al. 2017; Gardner et al. 2013 ). Supraglacial debris is common for Himalayan glaciers and it influences the glacier response. Dobhal et al. (2013) and Vincent et al. (2016) reported reduced mass losses of debris-covered glaciers from different regions across the Himalayas while Gardelle et al. (2013) found on average no significant differences of the mass changes of debris-covered and debris-free glaciers. Ice cliffs and supraglacial lakes/ponds, as well as glacier dynamics, have been found to locally enhance glacier mass losses (Ragettli et al. 2016; Rowan et al. 2015; Banerjee 2017) .
Knowledge about the mass balance of Indian Himalayan glaciers based on remote sensing data is typically limited in terms of temporal scale to the period after 2000 (Brun et al. 2017; Bolch et al. 2012; Gardner et al. 2013; Vincent et al. 2013) . Although glacier mass balance can be directly linked to run-off, current long-term glacier mass balance estimates from Indian Himalaya are limited to Gangotri glacier system in Garhwal Himalaya based on satellite images (Bhattacharya et al. 2016) and Chhota Shigri glacier in Lahaul-Spiti based on modelling (Azam et al. 2014) . Glacier area and length changes are more tenuously linked to changes in climate than glacier mass balance (Cuffey and Paterson 2010) , yet due to simpler data requirements are more common (Bhambri and Bolch 2009; Kulkarni et al. 2007 Kulkarni et al. , 2011 ).
Study region: Lahaul-Spiti
Lahaul-Spiti (approximately 32°-33°N and 77°-78°E) located in the Indian state of Himachal Pradesh contains around 1300 glaciers (Fig. 1) . The study area is influenced both by the Indian monsoon during summer and the mid-latitude westerlies during winter (Bookhagen and Burbank 2010; Azam et al. 2012; Dobhal et al. 1995) . These characteristics are also indicated by the gridded climate data (Online Resource 1). Glaciers of this region have been classified as predominantly winter-accumulation type (Maussion et al. 2014; Sakai et al. 2015) In this study, we investigate geodetic mass balance of glaciers over the last few decades using Corona, SRTM and ASTER data. Furthermore, we checked the influence of debris cover on the mass balance of eight selected glaciers (Fig. 1) . Studies have shown that Bara Shigri Glacier which is covered by supraglacial debris had higher mass losses in the recent decade than neighbouring Chhota Shigri Glacier which has less debris coverage (Gardelle et al. 2013; Vijay and Braun 2016; Garg et al. 2017) . Available mass balance measurements of Chhota Shigri Glacier prior to 2000 are based on in situ geodetic measurements (Vincent et al. 2013) and modelling (Azam et al. 2014) . Geodetic mass balance measurements for Lahaul-Spiti based on satellite images are currently limited to the period after 2000 (Vincent et al. 2013; Gardelle et al. 2013; Garg et al. 2017; Vijay and Braun 2016) . For example, Vincent et al. (2013) found a negative balance (− 0.44 ± 0.16 m w.e. year ) between 1988 and 1999. Azam et al. (2014) also reported that Chhota Shigri Glacier was nearly in balance during 1986-1999 and was losing mass during the periods 1969-1985 as well as 2000-2012. They mentioned that both winter precipitation and summer temperature are equally important drivers controlling the mass balance.
Reported values about the retreat of Chhota Shigri Glacier vary widely between~4 m year
during 1993-2014 (Garg et al. 2017 ) and~53 m year −1 during 1988 (Kulkarni et al. 2007 ). Existing snout measurements of Bara Shigri and Samudra Tapu glaciers also exhibit retreats of~20 m year −1 (Pandey and Venkataraman 2013; Kulkarni et al. 2006) . In this study, we compare and validate our results using multi-decadal satellite image-based mass balance and length/area changes, with the existing results.
2 Data and methods
Remote sensing data
In order to estimate glacier area and mass changes, we have used optical stereo 1971 Corona KH-4B (spatial resolution 1.8 m), 2013 ASTER (15 m) and 2011 and 2015 Cartosat-1 (2.5 m) data (Online Resource 2). The SRTM3 (3 arc-second resolution) digital terrain model (DTM) acquired in February 2000 has been proven to be a suitable source of elevation information for DTM generation in absence of accurate ground control points (GCP) (Pieczonka et al. 2013) . Landsat 7 ETM+ data of 1999 served as horizontal reference for the GCPs. The SRTM1 (1 arcsecond resolution) void filled DTM has been used for DTM co-registration. 
Climate data
In order to explain the drivers of glacier changes and to find trends and possible turning points, we investigate gridded precipitation and temperature data, such as (i) NCEP/NCAR precipitation data available for nearest grid point (31.4°N, 76.9°E) and temperature data available for grid point 32.5°N, 72.5°E (Kalnay et al. 1996) , (ii) PREC/L precipitation data available at 0.5°spatial resolution (Chen et al. 2002) , (iii) APHRODITE precipitation and temperature ) data available at 0.25°s patial resolution (Yatagai et al. 2012) , and (iv) ERA-Interim temperature and precipitation data available at 0.75°spatial resolution (Dee et al. 2011) . APH-RODITE and PREC/L are based on in situ observations, and the remaining two are generated by assimilating data from different sources and platforms (Online Resource 3).
Glacier mapping
Glacier outlines of the study area were taken from the Randolph Glacier Inventory (RGI), ver. 5.0, which for the Indian Himalaya is based on the GAMDAM glacier inventory (Arendt et al. 2015; Nuimura et al. 2015) . We have only included those glaciers which are fully covered by the mosaicked Corona ortho-images. Though parts of the accumulation area of Bara Shigri was also not covered, we included it in our analysis as this is a well-investigated glacier. The glacier outlines were manually adjusted using the satellite images from the corresponding years. We did not adjust the available outlines of small glaciers (< 2 km 2 ) as they were often hard to delineate on the panchromatic Corona images. We assume the effect of the area changes on mass changes to be negligible. We also assumed that the area changes are restricted to the glacier termini. For estimating the length changes of the eight selected glaciers (Fig. 1) , we drew equidistant profiles parallel to the central flow line of each glacier and took the average of the length changes along those profiles between two consecutive glacier outlines (cf. Bhambri et al. 2012) . The uncertainty of estimating length change has been calculated following Hall et al. (2003) .
The area mapping uncertainties arise due to automatic mapping of the clean-ice glaciers, and manual delineation of the glacier boundaries from different images used having different resolutions. The uncertainties of the area changes have been calculated by considering a buffer around the glacier tongues with the buffer size being the mapping uncertainty (cf. Bolch et al. 2010 , Online Resource 2).
DTM generation and DTM co-registration
Eight individual Corona DTMs were generated using Remote Sensing Software Graz (Goerlich et al. 2017) , and five Cartosat-1 DTMs with PCI OrthoEngine 2015 based on Toutin's Model with RMSEs of triangulation of less than 4 and 2 pixels respectively (Online Resource 4). The selected final resolution of the generated DTMs was 30 m. For the overall study area, we have considered the mass balance result based on ASTER DTMs. The quality of the ASTER DTM apparent from the correlation score indicating success of DTM generation in the ablation region of Chhota Shigri Glacier was poor. Therefore, we have used higher resolution Cartosat-1 data to derive the mass balance of Chhota Shigri and seven other selected glaciers individually, which were well covered by the Cartosat stereo data. However, Cartosat data of similar period covering the entire study region were not available and hence could not be used for overall study area.
It is important to align the DTMs relative to each other so that the glacier elevation changes can be measured as precisely as possible. A spatial trend correction was applied considering the elevation differences over non-glacierised terrain with slopes less than 15° (Pieczonka et al. 2013 ). Subsequently, the DTMs have been co-registered with respect to the SRTM DTM following Nuth and Kääb (2011) using a script of Pieczonka et al. (2013) . The final horizontal shifts between all DTMs and SRTM DTM were ≤ 1 pixel (≤ 30 m).
Outlier handling for the glacierised terrain
Cloud cover, cast shadow or areas with lack of contrast such as fresh snow can cause blunders in the final DTMs and hence need to be excluded as outliers before proceeding for mass balance calculations. These outliers have been removed for glacierised terrain following Pieczonka and Bolch (2015) assuming a non-linear trend of the variance of the thickness change from ablation to accumulation region based on a sigmoid curve, allowing maximum thickness change (dh) in the glacier fronts and minimum at higher altitudes (Schwitter and Raymond 1993) . Remaining values which differ by more than three times standard deviation from the mean of the glacierised terrain were also excluded. The acceptable maximum thickness change after outlier removal at the lowest ablation region was 100 m and at the highest accumulation region 0.6 m. Outliers were identified and removed mainly from the accumulation regions of the glaciers where snow cover led to poor contrast. All data gaps were filled by means of ordinary kriging to get the weighted moving average based on neighbouring pixel values (Pieczonka et al. 2013 ).
Radar penetration correction
Radar penetration is assumed to be highest in the dry snow and lower in firn and ice (Rignot et al. 2001) . Besides this, the depth of penetration also increases with wavelength (λ), and therefore C-band data (λ≈5 cm) penetrates more comparted to X-band (λ≈3 cm) SRTM data. We have compared the elevations represented by both SRTM X and C band data to obtain information about the characteristics of the penetration difference of SRTM C and X band (Gardelle et al. 2012; Vijay and Braun 2016) .
The vertical datum of SRTM X band data was transformed from WGS 84 to EGM 96. The vertical elevations of SRTM-C data have been adjusted by using the mode of differences of the stable terrain between SRTM-C and SRTM-X data. We extracted the clean ice by using the ratio of ETM bands 3 and 5 and applying a threshold by visual interpretation. Subsequently, we have analysed the penetration/elevation difference in each 100-m elevation band. The correction is thus calculated as a function of altitude and has been applied to each pixel separately for the clean ice glacier parts of SRTM C band data within 4500 and 5800 m a.s.l. (Online Resource 5). For the debris-covered areas, we obtained a mean penetration of 1.8 m, which might be due to the fresh snow at the time of SRTM data acquisition, as seen on the Landsat imagery. Gardelle et al. (2012) also found SRTM C-X penetration of 1-3 m in elevation bands above 4000 m for debris-covered regions in Karakoram. The resulting SRTM DTM has been assumed to represent the glacier elevation at the end of 1999 ablation period (e.g. Paul and Haeberli 2008) . SRTM-X band can also have some penetration (e.g. Dehecq et al. 2016 ). However, it could not be estimated in this study due to unavailability of suitable data. Therefore, we have also estimated the mass balance using a mean SRTM C penetration of − 1.5 ± 0.4 m reported by Kääb et al. (2012) for Himachal Pradesh using ICESat data.
Accuracy assessment
The glacier surface elevation change uncertainty arises due to the uncertainty of the DTM difference image (U Δh ), the uncertainty of radar penetration (Δp) and the uncertainty of the glacier area change (Δa) (Online Resource 6). The overall uncertainty of thickness change has been calculated following the rule of error propagation using Eq. (1).
The density of ice (ρ) has been considered as 850 ± 60 kg m −3 for mass balance calculations (Huss 2013) . Finally, the uncertainty of mass budget estimation (U M ) has been calculated using Eq. (2):
where Δh is the surface elevation difference, E Δh is the uncertainty of thickness change, t is the time period in years, and ρ w is the density of water (999.972 kg m
−3
).
Results

Length and area changes of all investigated glaciers
All glaciers in the study area have either retreated or remained stable over the period of observation, but none advanced. The selected glaciers cover elevations from~3700 to6 500 m with median elevations varying between 4650 m (no. 7) and 5368 m (no. 6) and have mean slopes between 12°and 16°and varying aspects (Online Resource 7). In terms of debriscover, glacier no. 7 has the highest (~20%) and glacier no. 8 has the lowest (~3%) debris coverage. The retreat was highest for Bara Shigri (glacier no. 1) and lowest for Chhota Shigri (glacier no. 8) ( ). Area losses ranged from a maximum of 2.1% for glacier no. 7 to a minimum of 0.4% for glacier no. 5 (Table 1 ). The two large Bara Shigri and Samudra Tapu glaciers lost more absolute area than the other glaciers (1 km 2 ), but the percentage loss was less (Table 1 ). The lake area at the terminus of Samudra Tapu Glacier has increased considerably (from 0.18 ± 0.01 km 2 in 1971 to 1.10 ± 0.06 km 2 in 2000 and 1.39 ± 0.03 km 2 in 2015) (Online Resource 8).
Glacier thickness change and mass budget
The investigated glaciers thinned on average 2.3 ± 2.1 m during 1971-1999 (Table 1) , leading to a relatively low mass loss of 0.07 ± 0.1 m w.e. year −1 (Fig. 2 , Table 1 ) ( Table 1) . This is, hence, closely matching with the sum of thickness changes of the two individual periods (Table 1 ). The total thickness change of each selected glacier for the entire period are also in line with the sums of thickness changes for the individual periods which shows the robustness of the results (Table 1 ). The DTM differencing and subsequent mass balance measurements by replacing the voids of the SRTM3-DTM by kriging produced slightly more loss in the period after 2000 and slightly less before 2000 (Table 1 ), but the differences are not significant (Table 1 , Online Resource 9). High mass loss during 1971-1999 was found for glacier no. 7 despite debris coverage of more than 10%. However, this glacier has the lowest median elevation (Table 1) . Also, Bara Fig. 2 Difference images (a) for the whole study area using ASTER, SRTM and Corona DTM and (b) for individual glaciers using Cartosat and SRTM DTM Shigri and glacier no. 3 had high loss rates despite considerable debris coverage. Relatively high mass loss of Samudra Tapu Glacier can be explained by a proglacial lake.
The mass loss has significantly increased for each of the selected glaciers during 1999-2011/2015 in comparison to the earlier period (Fig. 2, Table 1 ). The least mass loss was found for the glaciers nos. 6 and 8, both have northern aspects (NE and N), similar lengths (~10 km) and slopes (~14°and 15°). Glacier no. 8 has minimum debris cover (3%) and no. 6 has the highest median elevation. The variation of thickness changes for the individual glaciers (between − 0.85 ± 1.8 m for glacier no. 6 and − 16.9 ± 1.8 m for glacier no. 7) (Online Resource 10) except for Chhota Shigri Glacier is slightly more based on ASTER and SRTM DTMs than that based on Cartosat and SRTM DTMs (between − 2.5 ± 1.7 m for glacier no. 6 and − 15.0 ± 1.7 m for glacier no. 3).
The longitudinal profiles of thickness change rates of the selected glaciers show that all the glaciers experienced a thickness loss in their tongues for both investigated periods, with maximum thinning within the initial 25% of the length starting from the terminus (Online Resource 11). The maximum thinning rate has increased to 2-4 m year 
Climate analysis
All data except NCEP indicates approximately equal or slightly more winter precipitation (36-43%) than summer precipitation (33-36%). The grid location for NCEP precipitation is1 00 km away from the study region and shows more summer (57%) and less winter (24%) precipitation. NCEP, PREC/L and ERA-Interim data reveal an increasing trend of average winter precipitation after 2000, but there was no significant increase, whereas APHRODITE data indicates that winter precipitation decreased significantly after 2000 (Fig. 3 , Online Resource 12). The running mean of the annual average precipitation shows a decrease after1 995, followed by a dip in~2000 and an increase thereafter (NCEP, PREC/L, ERA-Interim) or no significant change (APHRODITE). ERA-Interim and APHRODITE data indicate that there was no significant change in summer temperature after 2000, but there was a significant increase in the NCEP data (Online Resource 12). The running mean of annual average temperature indicates an accelerated increase from~1995 (Fig. 3) .
Discussion
Glacier length and area changes
One interesting finding is that among the selected glaciers, the retreat is comparatively smaller for less debris-covered glaciers (Table 1) . For Chhota/Bara Shigri and Samudra Tapu glaciers, our results are consistent with most previous studies (Online Resource 13). Garg et al. (2017) found a smaller retreat rate of Chhota Shigri Glacier for 2000-2014 (~2.2 m year The rates of area losses differ partly to those reported by other authors. This can be explained by different datasets and by different investigated periods. Percentage area losses for Chhota Shigri were greater than those for Bara Shigri Glacier and therefore were in line with Garg et al. (2017) . The relatively large area loss of Samudra Tapu Glacier can be explained by enhanced melt due to the existence of a proglacial lake as also found elsewhere (Basnett et al. 2013) . Significantly higher area loss (~11%) (Online Resource 14) for this glacier reported by Kulkarni et al. (2006) might be due to errors in the topographic map (Bhambri and Bolch 2009 ). Overall, the glaciers larger than 2 km 2 lost an area of~16 km 2 g (1.7%) between 1971 and 2015. Pandey and Venkatraman (2013) and Garg et al. (2017) 
Glacier mass changes
We have observed a mass loss for all the glaciers for the entire period 1971-2013. However, mass loss has significantly increased in the recent period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) for the whole study area, as well as for each of the selected individual glaciers. Considering the uncertainty values, the melt rates have increased by at least almost 1.5 times, but might also have increased significantly more in the last decade.
Using the radar penetration value from Kääb et al. (2012) , we obtained even a higher mass loss (− 0.37 ± 0.1 m w.e. year ) in the period 1971-1999. Previous studies observed a similar response for Chhota Shigri Glacier and postulated that glaciers in Lahaul-Spiti experienced balanced budgets or even a mass gain during the last decade of the twentieth century before starting to lose mass in the beginning of the twenty-first century (Vincent et al. 2013; Azam et al. 2012) . Based on the glacier elevations of 1971, 1999 and 2013, we could confirm here that the glaciers in this region were only losing mass moderately during the last few decades of the twentieth century, before starting to lose mass significantly thereafter.
Reported mass loss rates of Chhota Shigri Glacier (~0.39 to~0.77 m w.e. year ) after 2000 based on satellite images (Berthier et al. 2007; Vincent et al. 2013; Gardelle et al. 2013; Vijay and Braun 2016; and Garg et al. 2017 ) are more negative than ours (− 0.24 ± 0.12 m w.e. year −1 ) which might be attributed to the different datasets and time periods investigated but also due to difference in the radar penetration estimate. Previous results for Bara Shigri Glacier were betweeñ 0.48 and~1.02 m w.e. year −1 (Gardelle et al. 2013; Vijay and Braun 2016; Garg et al. 2017 ), whereas we obtained − 0.56 ± 0.12 m w.e. year −1
. The loss of Samudra Tapu Glacier reported in other studies was also more negative (~0.68 m w.e. year ) (Vincent et al. 2013; Gardelle et al. 2013; Vijay and Braun 2016) . The less negative values could be a result of removal of outliers mostly from the higher reaches of accumulation regions, where we have ignored higher elevation changes than a certain threshold based on the sigmoid curve. Considering the higher penetration estimate based on Kääb et al. (2012) , our results would, however, match better (− 0.37 ± 0.1 m w.e. year
−1
). From this study, we could notice that the mass balance for the whole region was nearly similar to that of Chhota Shigri Glacier as observed by Vincent et al. (2013) . In addition, response of glacier no. 6 was also similar.
We found more thinning of the glaciers having more debris cover in line with Garg et al. (2017) and Vijay and Braun (2016) . The presence of supraglacial lakes/cliffs (e.g. glacier nos. 1, 7, 3), a terminal lake (e.g. glacier no. 2) or stagnant ice may be the reasons of increased melting (Sakai et al. 2000; Ragettli et al. 2016; King et al. 2017) in the debris-covered area. Presence of ice cliffs can result in a melt~14 times higher (Buri et al. 2016) , and lakes increase melt by acting as heat sinks and transporting energy into the glacier system (Miles et al. 2016) . The increase in debris percentage from~11% in 2000 to~16% in 2015 indicates the presence of new, thin debris cover which might have accelerated the melt.
Comparison with similar study by Bolch et al. (2011) on the glaciers of Everest area (Nepalese Himalaya) for the period 1970-2007 reveals that the mass loss rate in our study area (− 0.14 ± 0.05 m w.e. year ) for the whole period. Both Bolch et al. (2011) and Bhattacharya et al. (2016) reported that the thickness and mass loss have increased in the recent decades. However, the increase was not as significant as observed in this study. The moderate mass loss during 1970-1999 confirms that the glaciers from this study region behaved differently than the other Himalayan glaciers during this period.
Climatic considerations
Considering the resolution, NCEP/NCAR and ERA-Interim temperature data have relatively good accuracy (Bao and Zhang 2013; Mooney et al. 2011) . APHRODITE data has been observed to provide better precipitation estimates than NCEP/NCAR in relatively flat terrain, but often deviates significantly in the mountain areas . Song et al. (2016) reported better accuracy of PREC/L and APHRODITE data than ERA-Interim and NCEP-2 data over High Mountain Asia.
According to the statement by Azam et al. (2014) .23 m w.e. year −1 for the overall study area in the recent decade.
A decrease or no significant change in winter precipitation in the recent decade, in addition to a warming atmosphere (from~1995), indicates a decrease in precipitable snow amount and increased melt. Azam et al. (2014) stated that there was more winter precipitation and less summer mean temperature in the period 1986-2000 compared to 1969-1985 and 2001-2012 and the glaciers were also found to respond accordingly. Their analysis was based on the data from the nearest meteorological station. We also found significant increase in summer temperature (NCEP) and significant decrease in winter precipitation (APHRODITE) in the period after 2000. Overall, the response of this study area to climate seems to be different from nearby precipitation-rich Pamir/Karakoram region, where the glaciers have been found to be almost balanced even in recent decades (Gardelle et al. 2013; Bolch et al. 2017) .
However, the reanalysis datasets used in this study do not necessarily fully characterise the climate at the high altitudes. The different gridded datasets have different types of spatial resolutions and temporal coverage. They do not always represent the same grid locations, and the sources and interpolation techniques used are also different for each data (Online Resource 2). Therefore, the modelled data also have been found to vary from each other, and in absence of suitable reference data, it is difficult to state which one of them represents the trend most accurately. In addition to that, the corrected high-altitude precipitation in extreme cases can be up to ten times higher than the gridded precipitation products (Immerzeel et al. 2015) . Nevertheless, it can be expected that the trend of precipitation and temperature is either similar for all altitudes in a specific geographic location or there is a slightly increased trend with altitude (Pepin et al. 2015) 
Conclusions
This study confirms that the response of the glaciers to climate forcing in the Lahaul Spiti is relatively homogeneous. All investigated glaciers retreated and lost mass from 1971 until 2015. However, the rate of mass loss was moderate before 2000 and increased significantly thereafter. This confirms a contrasting response of the glaciers from this region during the last decades of the twentieth century than other parts of Himalaya. The rate of retreat as well as specific mass loss is more for the strongly debris-covered glaciers than the less debris-covered glaciers which is probably due to the presence of supraglacial lakes and cliffs and proglacial lakes for some of the glaciers. The overall mass loss for the whole area is similar to that observed for the glaciers having less debris percentage like glacier no. 6 or Chhota Shigri Glacier (no. 8).
The area receives precipitation in both summer due to Indian monsoon and in winter due to westerlies. Although the majority of the gridded climate data suggests that there was no significant change in winter precipitation or summer temperature after 2000 compared to the earlier period, however, NCEP data indicates a significant increase in summer temperature and APHRODITE data indicates a significant decrease in winter precipitation in the recent period. In addition, a closer look on the mean annual precipitation and temperature data indicates there was a decrease in precipitation for 7 or 8 years and a temperature increase after 1995. In absence of a DTM of the period around 1995, we cannot exactly analyse when the mass loss started to accelerate, but we conclude that the climatic shift after~1995 has resulted in significant increase in mass loss of the glaciers latest since 2000.
